Purpose: Lurbinectedin (PM01183) binds covalently to DNA and has broad activity against tumor cell lines. This first-in-human phase I study evaluated dose-limiting toxicities (DLT) and defined a phase II recommended dose for PM01183 as a 1-hour intravenous infusion every three weeks (q3wk).
Introduction
Lurbinectedin (PM01183; PharmaMar) is a novel synthetic tetrahydroisoquinoline structurally related to ecteinascidins (1, 2) . PM01183 showed in vitro broad antitumor activity against several representative human cell lines, with half-maximal inhibitory growth concentrations (IG 50 ) within the picomolar range (3) . In vivo studies showed significant growth inhibition of a wide variety of human cancer xenografts in athymic mice (3) .
PM01183 binds covalently to the DNA minor groove, forming adducts that are capable of inducing mainly double-strand breaks, but also interfering with normal protein synthesis machinery at the mRNA level. Accumulation of DNA damage delays progression through the S-G 2 phase of the cell cycle and ultimately triggers apoptotic cell death (4) (5) (6) (7) .
Preclinical toxicology studies revealed that PM01183 primarily caused myelosuppression, inducing anemia, bone marrow depletion, and atrophy of the lymphoid system. Other toxicities were species dependent, such as hepatotoxicity, which was not observed in beagle dogs. Effects tended to be dose dependent and transient, although the maximum-tolerated dose (MTD), when normalized to body surface area (BSA), differed significantly from one species to another. The female Sprague-Dawley rat was the most sensitive of all species tested, with a MTD of 0.18 mg/m 2 . As recommended by the International Conference of Harmonization (ICH; both European Medicines Agency and U.S. Food and Drug Administration) guidelines (8) (9) (10) , approximately one tenth of this dose was selected as a safe starting dose for this first-in-human study.
Given its broad in vitro activity against human solid tumor cell lines and its in vivo activity in xenografted human tumors, together with its acceptable and predictable preclinical toxicology profile, an accelerated titration design was used in this first-in-human, phase I clinical trial to spare most patients from being treated at potentially subclinically inactive doses. The trial was aimed at identifying the doselimiting toxicities (DLT) and determining the MTD and the recommended dose for phase II trials when PM01183 is administered intravenously over one hour every 3 weeks (q3wk) to patients with advanced solid tumors. The pharmacokinetic profile, safety, and preliminary antitumor activity were secondary objectives.
Materials and Methods
The study was conducted at the Vall d'Hebron University Hospital (Barcelona, Spain) and the University of Chicago (Chicago, IL) in accordance with the ICH Good Clinical Practice guidelines, and was approved by the respective Research Ethics Committees. Written informed consent was obtained before any procedure. The study is registered at ClinicalTrials.gov as NCT00877474.
Eligibility criteria
Eligible patients were ages !18 years with histologically proven advanced solid tumor refractory to standard therapy or with no such therapy available; had recovered from previous toxicities to grade 1 (excluding alopecia); and had Eastern Cooperative Oncology Group performance status (ECOG PS) 2 and adequate bone marrow, hepatic, and renal function.
Exclusion criteria
Patients were excluded if they had received any other antitumor therapy within 3 weeks before inclusion, could achieve tumor-free survival or significant palliation by surgery, had progressive central nervous system metastases, were immunocompromised, were pregnant or lactating women, or had increased cardiac risk, significant neurologic or psychiatric disorders, active infection, significant nonneoplastic liver disease, or known hypersensitivity to any drug component.
Study treatment
PM01183 was supplied as a powder concentrate in 0.2 and 1.0 mg vials and reconstituted in 1 and 2 mL of sterile water for injection, respectively. The reconstituted solution was further diluted with 5% dextrose solution for infusion (0.2 mg vials) or either 5% glucose or 0.9% sodium chloride solution for infusion (1.0 mg vials). Antiemetic prophylaxis was not allowed before nausea and/or vomiting were determined to be treatment-related toxicities. Intrapatient dose escalation was not allowed under any circumstances. Dose levels were rounded to integer numbers if appropriate. Treatment was administered until disease progression, unacceptable toxicity, treatment delay >2 weeks for any reason (except in cases of obvious patient benefit), intercurrent illness that precluded continuation of the study, patient refusal, and/or noncompliance with study requirements.
Dose escalation
The starting dose chosen for this first-in-human study was 0.02 mg/m 2 . According to the accelerated dose-escalation design defined for this study, cohorts of at least one evaluable patient were assigned to each dose level and dose escalation proceeded at 100% dose increments, as previously used (11) . In the event of clinically relevant grade !2 toxicities in any patient in any cohort during the accelerated titration phase, cohorts of at least three patients were to be treated and up to 50% dose escalation was allowed if no DLTs had occurred. Once a DLT was observed at any dose level, the design switched to a classical 3þ3 design with further dose increases limited at a maximum of 25% increments, provided the MTD had not been reached yet.
Dose-limiting toxicities
DLTs were defined as: grade 4 neutropenia for >7 days or with fever (!38.5 C), sepsis or severe infection, grade 4 thrombocytopenia, any grade !3 nonhematologic toxicity (excluding nausea/vomiting without antiemetic treatment, grade 3 diarrhea lasting <24 hours without treatment, grade 3 asthenia for <5 days, hypersensitivity reactions, and nonclinically relevant isolated biochemical abnormalities), >2-week delay in a subsequent PM01183 administration due to toxicity. Following the European Medicines Agency's Guidance on the Evaluation of Anticancer Medicinal Products in Man (CPMP/EWP/205/95), the MTD was prospectively defined as the lowest dose level explored at which one third or more of patients experienced DLTs; and the recommended dose was the highest dose level explored below the MTD with less than one third of patients experiencing DLTs in cycle 1.
Study assessments
At baseline, the patient's relevant medical history was determined. A complete physical examination was conducted, including the ECOG performance status score
Translational Relevance
Lurbinectedin (PM01183) is a novel synthetic tetrahydroisoquinoline with broad antitumor activity in vitro. This first-in-human study defined 7.0 mg flat dose as the phase II recommended dose with PM01183 administered as 1-hour intravenous infusion every 3 weeks. The primary toxicity at the recommended dose was myelosuppression, mainly consisting of nonfebrile grade 4 neutropenia in 40% of patients. Despite this severe neutropenia, episodes were transient and shortlasting, and had limited consequences on treatment schedule. Other common PM01183-related adverse events at the recommended dose were mild/moderate fatigue, nausea, and vomiting. The pharmacokinetic profile showed dose proportionality within the dose range explored and no drug accumulation between cycles. One confirmed partial response as per Response Evaluation Criteria in Solid Tumors v.1.0 with tumor marker normalization was found in a previously refractory pancreatic cancer patient. Prolonged disease stabilization with evidence of tumor shrinkage occurred in three patients with softtissue synovial sarcomas and malignant melanoma. assessment both at baseline and at the beginning of each treatment cycle. Hematology tests [differential white blood cells (WBC), hemoglobin, and platelets] and some biochemistry tests (liver function tests, creatinine, serum electrolytes, glucose, blood urea nitrogen, uric acid, and creatine phosphokinase; CPK) were conducted at baseline and weekly throughout the treatment period. Other biochemistry tests (total protein, albumin, a1-acid glycoprotein, and C-reactive protein), coagulation tests, and urinalyses were performed at baseline and at the beginning of each treatment cycle. If any grade !3 laboratory abnormalities occurred, the hematologic counts or appropriate chemistry test(s) were repeated at least every 2 to 3 days until recovery. Electrocardiograms and left ventricular ejection fraction assessments were conducted at baseline, and repeated while on treatment only if clinically indicated. All adverse events and laboratory variables were assessed at baseline and during treatment. Antitumor activity was evaluated every 2 cycles (6 weeks).
Pharmacokinetic analyses
Blood samples were collected on day 1 of cycle 1 at predose, 5 minutes before infusion end, and between 0.25 and 168 hours postinfusion. In addition, blood samples were also collected following the same sampling on day 1 of cycle 2 during cohort expansion at the recommended dose. Samples were centrifuged at 2500 Â g for 15 minutes at 4 C and plasma was separated and stored at À20 C until analysis. The urine produced during the first day of treatment was collected and a 20-mL aliquot was stored at À20 C until analysis. Concentrations of PM01183 were determined using a liquid chromatography system coupled Table 1 . Baseline characteristics of patients (n ¼ 31) Adenocarcinoma of unknown primary site, head and neck squamous cell carcinoma, melanoma, mesothelioma, prostate cancer, and salivary gland adenocarcinoma (n ¼ 1 each).
First-In-Human Phase I Study of Lurbinectedin (PM01183) with electrospray ionization liquid chromatography/tandem mass spectrometry method. The limit of quantitation was 0.05 ng/mL.
Statistical analysis
Patient accrual was presented descriptively. Demographics and baseline characteristics were summarized for all patients and analyzed by dose. Continuous variables were presented with summary statistics (mean, median, and range) and categorical variables in frequency tables. Treatment exposure, delays, and reductions were evaluated using counts, percentages, and detailed listings. The total number of included patients, the number of patients evaluable for DLTs, and the number of patients with any DLT were summarized by dose. Descriptive statistics were used for the evaluation of safety. The incidence and grade of adverse events and laboratory abnormalities were classified according to the National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) v.3.0 (12) and the events were coded using the Medical Dictionary for Regulatory Activities (MedDRA) v.11. Antitumor activity was evaluated as per the Response Evaluation Criteria in Solid Tumors (RECIST) v.1.0 (13). Response rates were characterized using descriptive statistics. Time-related parameters were analyzed according to the Kaplan-Meier method. SAS v9.2 (SAS Institute Inc) was used to generate these outputs. Noncompartmental pharmacokinetic parameters were calculated using WinNonLin v.5.2 (Pharsight). All individual pharmacokinetic parameters were tabulated and summarized. Categorical and continuous covariates were explored against pharmacokinetic parameters using the PROC MIXED procedure under SAS v.8.2 (SAS Institute Inc). Ninety-five percent confidence intervals for the slope and p test with a level of significance of 0.05 were calculated to detect differences and correlations. Pharmacokinetic graphics were performed using R v.2.15.0 (R Development Core Team) and the plotting package ggplot2 v.0.9.3 (14) . The interindividual coefficient of variation (CV) was calculated as the ratio of the SD to the mean for the entire population. Similarly, the intraindividual coefficient of variation was determined for each patient.
Results

Patient characteristics and treatment
Thirty-one patients were included between March 2009 and September 2010; patient characteristics are shown in Table 1 .
A total of 97 PM01183 cycles were administered at 10 dose levels, of which 59 cycles (61%) were administered at the recommended dose, with a median of two cycles per patient; the median dose intensity was 2.3 mg flat dose/ week and median relative dose intensity was 96.3% of the planned dose. Table 2 . Drug-related adverse events (!10% of patients) and laboratory abnormalities (hematologic and biochemical) at the recommended dose for phase II studies 
Hematologic laboratory abnormalities Anemia 10 (67%)
Biochemical laboratory abnormalities ALT increased 9 (60%) 1 (7%) Cycle 10   D15  D15  D1  D1  D8  D8  D15  D1 D8  D15  D15  D22  D1  D1  D8  D8  D15  D1 D8  D15  D1 D8  D15  D1 D8  D15 D22  D1 D8 D15 D217 D1 D8 Figure 1 . Tumor shrinkage observed in one patient with pancreas adenocarcinoma who achieved PR with PM01183. Three lesions were observed in the liver at baseline (A). After three cycles of treatment with PM01183, two of these lesions disappeared and the third decreased from 29.8 mm to 16.5 mm (i.e., a tumor shrinkage of 45%; B). Changes in serum CA19-9 levels from baseline (BL) to cycle 10 (C).
aminotransferase (AST)] increases (n ¼ 2) and a combination of grade 4 neutropenia, grade 3 fatigue, and grade 2 diarrhea that resulted in patient withdrawal from the study (n ¼ 1). According to the protocol definition, dose level IX (5.0 mg/m 2 ) was defined as the MTD and dose escalation was terminated, consequently PM01183 dose was reduced by 20% to 4.0 mg/m 2 and cohort scheme was then switched to a classical 3þ3 design. None of the first six patients treated in this cohort had DLTs, though nonfebrile grade 4 neutropenia occurred in three patients. No relationship of plasma clearance and BSA was observed; therefore, nine additional patients were given a flat dose of 7.0 mg, approximately equivalent to 4.0 mg/m 2 for most patients. One of 15 treated patients had a DLT (grade 4 thrombocytopenia), therefore confirming 4.0 mg/m 2 or 7.0 mg flat dose as the recommended dose for PM01183 given as a 1-hour infusion q3wk.
Toxicity profile at the recommended dose
Of 31 patients, 15 (48%) were treated at the recommended dose and were evaluable for safety. All PM01183-related adverse events, at the recommended dose, were grade 1 or 2, the most common were nausea, fatigue, and vomiting despite mandatory antiemetic prophylaxis (Table 2) . Hematologic abnormalities comprised anemia (93% of patients, grade 3: 27%, no grade 4 events), neutropenia (73%, grade 3/4: 53%), and thrombocytopenia (67%, no grade 3 events, grade 4: 7%; Table 2 ). Grade 4 neutropenia occurred in six patients (40%) at the recommended dose during cycle 1; the nadir (median count 0.2 Â /L) occurred on day þ11 (range, 10-15 days), and the median duration was 3 days (range, 1-4 days). No febrile episodes complicated any neutropenia during this study. Grade 4 thrombocytopenia occurred in one patient during cycle 1; the nadir (9.2 Â 10 9 /l) was found on day þ10 and returned to grade 2 within 3 days. There were only one cycle delay and two dose reductions at the recommended dose, all due to hematologic toxicity. Common biochemical abnormalities, irrespectively of their relationship, were mild alkaline phosphatase (67%) and ALT/AST increases (67% and 47%, respectively; Table 2 ). At the recommended dose, no biochemical abnormalities reached grade 4 severity, and grade 3 only occurred for ALT/AST increases (7% each) and creatinine increase in one patient (7%) with disease-related obstructive renal failure.
Efficacy
Twenty-eight patients were evaluable for efficacy as per RECIST v.1.0; one confirmed partial response (PR) with tumor marker (CA19-9) normalization occurred in a patient with refractory pancreatic cancer treated at the recommended dose (Figs. 1 and 2 ). In addition, nine (29%) patients had disease stabilization as best response, which lasted for at least 4 months in five of them. Three of these five patients were treated at the recommended dose and all of them achieved longer progression-free survival (PFS) values with PM01183 when compared with their last prior therapy (Fig. 2) . Overall, six patients showed evidence of some tumor shrinkage while on PM01183 treatment; five of them were treated at the recommended dose.
Pharmacokinetics
Pharmacokinetic data were available from 31 patients in cycle 1 and from seven patients treated at the recommended dose in cycle 2 (Table 3) . PM01183 plasma concentrations increased linearly within the dose range explored, and clearance was independent of dose (P ¼ 0.451). Pharmacokinetic variability was high; at the recommended dose, the CV of clearance was 57% in the first cycle, and somewhat lower (31%) in the second cycle, with a median intraindividual coefficient of variation of 30% (range, 5%-50%). None of the demographic and biochemical variables explored in this study had a significant impact on pharmacokinetic parameters; particularly, no significant relationship was found between BSA and clearance (P ¼ 0.889), or between gender and clearance (P ¼ 0.074). Urinary excretion of unaltered PM01183 was almost negligible regardless of dose; the mean percentage of unaltered drug recovered in urine at the recommended dose was 0.23%. To explore the effect of PM01183 on hematologic parameters, the survival fraction (ratio of nadir to baseline) was calculated (15) for the first cycle and used as the dependent variable for further analysis. There was a significant correlation of area under the concentration-time curve from time zero to infinity (AUC) with both log WBC survival fraction (r ¼ À0.73, P ¼ 0.0007) and log neutrophil survival fraction (r ¼ À0.57, P ¼ 0.016), which was stronger than the relationship with dose (Fig. 3) .
Discussion
This first-in-human study met its goal of defining the recommended dose of PM01183 in an efficient manner. The accelerated titration design proved to be adequate and safe to allow a swift dose escalation more than 200 times, from the conservative starting dose of 0.02 mg/m 2 , derived from the MTD in the Sprague-Dawley rat. Similar to what has been described with other related compounds such as trabectedin, this starting dose, although safe, turned out to be poorly predictive of the human MTD. Should this trial have followed a more classical 3þ3 Fibonacci design, it would have required significantly longer time to reach potentially therapeutic dosages. In contrast, almost half of participating patients in our study were treated at the recommended dose, thus maximizing the exposure to clinically relevant concentrations of the investigational treatment, while no unexpected toxicities occurred during escalation in this first-in-human study. Table 3 . Noncompartmental pharmacokinetic parameters of PM01183 1-hour three weekly schedule This was in line with prior preclinical toxicology studies, which had shown myelosuppression and hepatotoxicity as primary PM01183 toxicities in mammals. A flat dose of 7.0 mg (approximately equivalent to 4.0 mg/m 2 ) q3wk was the highest dose level explored with less than one third of patients experiencing a DLT in cycle 1, and consequently was defined as the recommended dose for further phase II studies. Of note, one of the 15 patients treated at the recommended dose experienced a DLT (grade 4 thrombocytopenia). Nonetheless, grade 4 transient nonfebrile neutropenia occurring in 40% of these patients precluded any attempt to further escalate the recommended dose.
The regimen was generally well tolerated. Hematologic toxicity was predictable, manageable, and transient, whereas the schedule was suitable for most patients to receive their treatment on an ambulatory basis. All toxicities other than myelosuppression at the recommended dose were usually low grade and transient, the most common being nausea/ vomiting and fatigue. Primary antiemetic prophylaxis with 5-HT 3 antagonists plus a steroid was mandatory, although some patients might also need extended treatment in accordance with the American Society of Clinical Oncology guidelines (16) .
Myelosuppression was the primary toxicity observed at the recommended dose or above it. Neutropenia correlated with dose, but particularly with AUC. The nadir occurred during the second week of the cycle in all cases, usually on day þ11 (range, 10-15 days), and grade 4 lasted a median of 3 days (range, 1-5 days), thus allowing enough time to recovery without causing treatment delays in the majority of cases. Of note, no febrile neutropenia occurred, probably reflecting this relatively short duration and the relatively good condition of the patients participating in this study. Even if the eligibility criteria were standard for phase I, no patient treated at the recommended dose in this study was older than 75 years, had albumin level below 3.4 g/dL, or had an ECOG performance status score >1. At this time, it is speculative wherever PM01183-related myelosuppression is equally well tolerated in less selected patients; this remains to be tested prospectively. In addition, almost one third of patients treated at the recommended dose in this study had no neutropenia at all, which probably reflected the high interindividual pharmacokinetic variability. Myelosuppression does not seem to be cumulative, as most patients who experienced it did so during the first cycle, and no dose reductions or delays were required because of toxicity among patients receiving more than three cycles at the recommended dose or higher doses. The pharmacokinetic profile showed dose proportionality within the dose range tested and no drug accumulation between cycles was found, thus suggesting that administration every 3 weeks is safe and appropriate.
There was high interindividual variability in the clearance of PM01183, the source of which is yet unclear. PM01183 undergoes extensive microsomal metabolization in vitro; although the specific metabolic pathways and cytochromes involved remain to be fully elucidated. Theoretically, genetic differences in cytochromes or in membrane transporters at the protein expression level might contribute, at least partially, to explain the pharmacokinetic findings; ongoing pharmacogenomic studies will help to better characterize this observation. Renal excretion is a very minor route of elimination. Thus, changes in renal function are very unlikely to have an impact on the pharmacokinetic behavior of PM01183. Of note, the severity of the myelosuppression correlated with AUC measured during cycle 1; thus, understanding the causes of this variability might help to optimize patient exposure and thus reduce toxicity in the future. Finally, none of the explored demographic characteristics in this study, particularly BSA, had any significant impact on pharmacokinetics. Therefore, PM01183 flat dosing was successfully implemented at the recommended dose cohort expansion. Nonetheless, due to the limited number of patients treated in this study, none had a BSA outside the 1.47 to 2.48 m 2 range. At the present, caution should be exercised when using the 7.0 mg flat dose recommended dose in populations different than those studied herein. In addition, further analysis to check any potential difference in clearance between males and females is warranted (see Table 3 ).
Antitumor efficacy was confirmed, despite extensive prior treatment. Most patients included in this study had colorectal tumors and had received three or more previous lines of chemotherapy for advanced disease and therefore were very unlikely to respond to any therapy at that point. Nevertheless, evidence of antitumor activity in this study was found in a refractory pancreatic cancer patient who had a confirmed PR with tumor marker normalization, as well as in three patients (two with soft-tissue synovial sarcomas and one with a malignant melanoma) who had prolonged disease stabilizations with some radiological evidence of tumor shrinkage. Comparison of the PFS achieved on PM01183 with that on the immediately prior treatment line suggests that the stable disease might be due to PM01183 treatment (as opposed to an indolent natural history, see Fig. 2 ).
In conclusion, PM01183 administered as a 1-hour infusion q3wk to adult patients with refractory solid tumors was well tolerated. It is active at its recommended dose of 7.0 mg flat dose, and caused primarily severe but reversible, limited, and predictable neutropenia in this study. This schedule is now being evaluated in several phase II clinical trials; the results, when available, will provide valuable additional information on safety, feasibility, and pharmacokinetic behavior in a much wider patient population, as well as confirm its preliminary antitumor activity in specific disease settings. 
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